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The transcription factor AHR (aryl hydrocarbon receptor)
drives the expression of genes involved in detoxification path-
ways in cells exposed to pollutants and other small molecules.
Moreover, AHR supports transcriptional programs that pro-
mote ribosome biogenesis and protein synthesis in cells stimu-
lated to proliferate by the oncoprotein MYC. Thus, AHR is
necessary for the proliferation of MYC-overexpressing cells. To
define metabolic pathways in which AHR cooperates with MYC
in supporting cell growth, here we used LC–MS–based metabo-
lomics to examine the metabolome of MYC-expressing cells
upon AHR knockdown. We found that AHR knockdown reduced
lactate, S-lactoylglutathione, N-acetyl-L-alanine, 2-hydroxygluta-
rate, and UMP levels. Using our previously obtained RNA
sequencing data, we found that AHR mediates the expression of
theUMP-generating enzymes dihydroorotate dehydrogenase (qui-
none) (DHODH) and uridine monophosphate synthetase (UMPS),
as well as lactate dehydrogenase A (LDHA), establishing a mecha-
nism by which AHR regulates lactate and UMP production in
MYC-overexpressing cells. AHR knockdown in glioblastoma cells
also reduced the expression of LDHA (and lactate), DHODH, and
UMPS but did not affect UMP levels, likely because of compensa-
tory mechanisms in these cells. Our results indicate that AHR
contributes to the regulation of metabolic pathways necessary for
the proliferation of transformed cells.

To obtain the energy and macromolecules necessary for cell
growth and division, cancer cells adapt their metabolism to
maximize the utilization of the nutrients available in their
environment (1–3). The oncoprotein MYC is a master regula-
tor of cellular metabolism (3, 4), coordinating the anabolic
and catabolic needs of proliferating cells. For example, MYC
directly activates the expression of genes involved in meta-
bolic pathways such as the glycolytic enzyme lactate dehydro-
genase A (LDHA) (5) or the pyrimidine synthesis enzymes
1-carbamoyl-phosphate synthetase 2, 2-aspartate transcarba-
mylase, and 3-dihydroorotase (CAD) (6) and dihydroorotate
dehydrogenase (quinone) (DHODH) (7), among others (3, 8).
Furthermore, MYC promotes the expression of transporters
such as the solute carrier 2A1 (SLC2A1) (9), which imports
glucose, or the solute carrier 1A5 (SLC1A5) (10, 11), which

transports glutamine, thereby increasing the intracellular
availability of nutrients (12). In addition to directly regulating
the expression of metabolic enzymes and transporters, MYC
promotes the expression of transcription factors that in turn
modulate metabolic pathways such as the a subunit of hy-
poxia-inducible factor-1 or the lymphoid enhancer–binding
factor 1 (13, 14).
Recently, our laboratory discovered that MYC promotes the

expression of the aryl hydrocarbon receptor (AHR) (15). AHR is
a cytoplasmic receptor that responds to exogenous ligands, such
as the pollutant 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
(16, 17), or to endogenous ligands including the tryptophan
catabolite kynurenine, which is elevated in cancer cells (10, 18).
In the presence of its ligands, AHR shuttles to the nucleus where
it dimerizes with aryl hydrocarbon receptor nuclear translocator
(ARNT) (19) to bind to DNA and activate the expression of genes
that contain xenobiotic responsive elements (XREs) in their pro-
moters including genes involved in detoxification such as
CYP1A1 (20). We found that AHR also regulates the expression
of a subset of genes that are necessary for the growth of MYC-
expressing cells such as NOLC1 and OGFOD1, which are
involved in rRNAproduction and protein synthesis (15, 21, 22).
To determine the contribution of AHR to metabolic path-

ways regulated by MYC, we performed metabolomics of rat1
fibroblasts myc2/2 with or without MYC upon AHR knock-
down. By combining metabolomics and transcriptomics, we
found that AHR contributes to the regulation of glycolysis and
the de novo pyrimidine biosynthesis pathway in MYC-express-
ing cells. In addition, to identify metabolic pathways supported
by AHR in glioblastoma (GBM), an aggressive brain tumor de-
pendent on AHR (18), we examined the metabolome of GBM
cells upon AHR knockdown and found that AHR knockdown
affected several metabolic pathways in these cells.

Results and discussion

AHR regulates metabolic pathways in MYC-expressing cells

To define AHR-regulatedmetabolic pathways downstream of
MYC, we performed an LC–MSmetabolomics screening in the
myc2/2 rat fibroblasts HO15.19 that were stably reconstituted
by retroviral infection of MYC or empty vector, in which AHR
was silenced for 48 h, using two different siRNA (each in tripli-
cate) (Fig. 1, A and B). Although AHR knockdown was efficient
48 h after AHR siRNA transfection, cell proliferation was
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modestly affected (15), making this an appropriate time point to
identifymetabolic events that cause reduced cell growth.
We first defined the metabolic signature regulated by MYC

by comparing the abundance of metabolites inmyc2/2 fibro-
blasts expressing MYC and myc 2/2 expressing empty vector
using a cutoff p value of �0.05. MYC regulated the abundance
of 64 metabolites (Fig. 1C and Fig. S1), including metabolites in
pathways previously attributed toMYC function such as glycol-
ysis, TCA cycle, and nucleotide biosynthesis (3) (Fig. 1C and
Fig. S1). To identify AHR-mediated metabolic changes in the
MYC-expressing cells, we considered themetabolites for which
abundance was affected with both AHR siRNAs using a cutoff p
value of�0.01. AHR knockdown altered the levels of 10 metab-
olites in the myc2/2 fibroblasts reconstituted with MYC (Fig.
1C and Figs. S2, A and B). Five of the ten metabolites were
induced by MYC and reduced upon AHR knockdown, suggest-
ing that MYC depended on AHR to increase the abundance of
those metabolites (Fig. 1, D and E). AHR knockdown also
altered the abundance of seven metabolites in the myc2/2
fibroblasts (Fig. S2, C andD). With the goal of identifying novel
AHR-mediated, growth-promoting pathways, we focused this
study on the metabolites increased by MYC and decreased by
AHR knockdown.
The five metabolites affected by AHR knockdown in MYC-

expressing cells were lactate, S-lactoylglutathione, N-acetyl-L-
alanine, 2-hydroxyglutarate, and UMP (Fig. 1, E and F). Lactate
is the end product of glycolysis and therefore is used as a read-
out of glycolytic activity (3). S-lactoylglutathione is metabolized
by glyoxalase II through the glyoxalase system, producing the
antioxidant GSH and lactate in the mitochondria (23). N-Ace-
tyl-L-alanine is a derivative of alanine. UMP can be produced by
metabolizing ribose-5-phosphate through the de novo pyrimi-
dine biosynthesis pathway or by phosphorylating uridine
through the salvage pathway (24). UMP gives rise to other pyri-
midines such as UTP, CTP, and TTP, which are needed for
RNA and DNA synthesis (25). Our experiment did not distin-
guish between the two 2-hydroxyglutarate (2HG) enantiomers,
D-2HG or L-2HG (26). D-2HG is a reduced form of a-ketogluta-
rate produced by the aberrant activity of themutant enzyme iso-
citrate dehydrogenase 1/2 (mutIDH1/2) present in cancer cells
(27) (Fig. 1F). However, IDH1/2 were not mutated in the rat
fibroblast used in this experiment. D-2HG can be produced/
accumulated by additional mechanisms such as decreased
expression of D-2-hydroxyglutarate dehydrogenase (28) or
increased expression of ADHFE1 (alcohol dehydrogenase iron-
containing 1) (29) (Fig. 1F). L-2HG in contrast, is mainly pro-
duced in hypoxic or acidic environments by LDHA or MDH1/2
reactions (26, 30, 31). L-2-Hydroxyglutarate dehydrogenase is
responsible for decreasing the abundance of L-2HG by convert-
ing it back to a-ketoglutarate (32) (Fig. 1F). Because of their abil-
ity to inhibit hydroxylases such as the Jumonji histone demethy-
lases, the TET cytosine demethylases, and other prolyl

hydroxylases, D- and L-2-HG are known as oncometabolites
(33).

AHR regulates expression of metabolic genes

Using our previously published RNA-seq data, which was
performed under the same conditions as the metabolomic
screening (15), we examined the expression of the enzymes
directly involved in the production of the five metabolites that
were induced by MYC and reduced upon AHR knockdown
(Fig. 1, E and F, and Fig. S2, E–I). The mRNA levels of three
genes encoding for enzymes related to the metabolites discov-
ered in our metabolomics (Fig. 1E) were altered upon AHR
knockdown. ADHFE1, which produces D-2-hydroxyglutarate
(D2HG), was up-regulated upon AHR knockdown and thus did
not align with the observed decreased in abundance of the
metabolite (Fig. 1F and Fig. S2F).UMPS (Fig. S2H), which con-
verts orotate into UMP, and LDHA (Fig. S2I), which catalyzes
the conversion of pyruvate into lactate, were down-regulated
upon AHR knockdown, which is consistent with the reduced
levels of UMP and lactate, respectively (Fig. 1E). The decrease
in LDHA could also account for the observed decrease in 2-HG
(Fig. 1F) (26). We validated LDHA reduction upon AHR knock-
down by qPCR (Fig. S2J) and reported that the rat LDHA pro-
moter contained MYC-binding (E-box: CACGTG) and AHR-
binding (XRE: GCGTG) sites (Fig. S2K).
Although there were no AHR-regulated genes that could

account for the reduction in S-lactoylglutathione, 2-hydroxy-
glutarate, and N-acetyl-L-alanine (Fig. 1E and Fig. S2, E–H), we
observed that glucose and pyruvate were also lower upon AHR
silencing inMYC-expressing cells (Fig. S3B). Because S-lactoyl-
glutathione, 2-hydroxyglutarate, and N-acetyl-L-alanine are
derived from glycolytic intermediates (Fig. 1, E and F), a
decrease in glucose and pyruvate could contribute, at least in
part, to their lower abundance uponAHR knockdown (Fig. 1E).
Our RNA-seq data indicated that AHR knockdown caused a

modest reduction in the mRNA levels of additional glycolytic
(ALDOA,GAPDH, PGK1, and ENO1) (Fig. S3C) and TCA cycle
(ACO2, IDH1, and MDH2) enzymes (Fig. S4C). The glycolytic
products of those enzymes were not detected in our metabolo-
mics screening, likely because of their low abundance in these
samples. Moreover, the levels of the products of those TCA
cycle enzymes did not change upon AHR knockdown. It is pos-
sible that compensatory mechanisms maintained the levels of
most TCA intermediates uponAHR knockdown.

AHR regulates the expression of enzymes in the de novo
pyrimidine biosynthesis pathway in fibroblasts

UMP can be synthesized through the salvage pathway in
which nucleotides are recycled by either phosphorylating/
dephosphorylating reactions or the de novo pathway in which
ribose-5-phosphate and amino acids are processed by the

Figure 1. AHR regulates metabolic pathways in MYC-expressing cells. A, schematic representation of the LC–MS metabolomics analyses in themyc2/2
rat fibroblasts HO15.19 infected with either a MYC-expressing or an empty vector (EV). B, Western blotting showing the silencing of AHR in themyc2/2 cells
expressing MYC or empty vector 48 h after transfection with two independent AHR siRNAs (siAHR) or control siRNA (siCtrl). C, Venn diagram of metabolites
regulated by MYC, AHR, or both. D, description of the metabolites shown in C. E and F, representation of the relative amounts of the five metabolites found to
be driven by AHR in the MYC-expressing cells (C and D) normalized tomyc2/2 conditions and the interconnections between the pathways in which they are
directly involved. Asterisks represent p values of,0.05.
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Figure 2. AHR regulates the expression of enzymes in the de novo pyrimidine biosynthesis pathway in fibroblasts. A, schematic representation of the de
novo and salvage pyrimidine biosynthesis pathways. B, heatmapof the expression levels ofCAD,DHODH, andUMPS inmyc2/2 andMYC cells 48 h after transfection
with control or AHR siRNA. C, schematic representation of the rat CAD,DHODH, andUMPS gene promoter regions displaying the presence of XRE (AHR-binding sites)
or E-box (MYC-binding sites). D, qPCR for AHR, CAD, DHODH, and UMPS inmyc2/2 cells expressing MYC or empty vector (E.V.) 72 h after transfection with control
siRNA (siCtrl) or AHR siRNA (siAHR). E, Western blotting for the indicated proteins inmyc2/2 rat fibroblasts reconstituted with MYC 72 h after transfection with con-
trol or AHR siRNAs. F, Western blotting of theWT rat fibroblasts TGR1 72 h after transfectionwith control or AHR siRNAs.G, relative amounts of uridine levels found in
the metabolomic screening, normalized to themyc2/2 siCtrl conditions. H, schematic representation of the nucleoside transporters. I, relative mRNA levels of the
nucleoside transporters found in our RNA-seq inmyc2/2 andMYC cells 48 h after transfectionwith control or AHR siRNA. Asterisks represent p values of,0.05.
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enzymes CAD, DHODH, and UMPS (Fig. 2A). CAD and
DHODHwere previously found to be up-regulated byMYC (6).
Our RNA-seq data indicated that although the expression of
the genes involved in the salvage pathway were not affected by
AHR knockdown, mRNA levels of CAD, DHODH, and UMPS

were reduced upon AHR knockdown (Fig. 2B and Fig. S4E).
These data and our metabolomic data showing a decrease in
UMP (Fig. 1E) suggest that the de novo pyrimidine biosynthesis
pathway is regulated by AHR. BecauseAHR silencing decreased
the expression of the enzymes involved in the de novo
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pyrimidine biosynthesis, we further examined the role of AHR
in the regulation of this pathway.
Bioinformatic analysis of the rat CAD, DHODH, and UMPS

promoter regions within 6 1 kb of the transcription start site
showed that all three genes have one MYC-binding site and
that DHODH and UMPS, but not CAD, have several AHR-
binding sites (Fig. 3E). Supporting these data, DHODH and
UMPS mRNA levels were significantly lower than those of
CAD in MYC-expressing cells upon AHR silencing (Fig. 2D).
DHODH and UMPS protein levels were also reduced 72 h after
AHR silencing (Fig. 2, E and F). Altogether, these data suggest
that AHR regulates the transcription of DHODH and UMPS
and to a lesser extentCAD.
The nucleoside uridine can be converted into UMP and vice

versa (Fig. 2A) (25). Ourmetabolomics screening indicated that
uridine abundance was not affected by AHR knockdown (Fig.
2G), thus suggesting that the uridine pool could be maintained
by the import of extracellular uridine (Fig. 2H). Interestingly,
of the six nucleoside transporters (Fig. 2H): concentrative
nucleoside transporters (CNT1–3 encoded by SLC28A1–3)
and equilibrative nucleoside transporters (ENT1–3 encoded by
SLC29A1–3) (34), the expression of SLC29A1(ENT1) was ele-
vated byMYC and further induced upon AHR knockdown (Fig.
2I). SLC29A2 (ENT2) was also elevated in the MYC-expressing
cells but was not affected by AHR knockdown (Fig. 2I). These
data suggest that when the de novo pyrimidine biosynthesis is
impaired by AHR silencing, cells attempt to maintain the intra-
cellular pyrimidine pool by importing uridine from the extrac-
ellular environment to compensate for the reduction in the de
novo biosynthesis of UMP.

AHR regulates the expression of enzymes in the de novo
pyrimidine biosynthesis pathway in glioblastoma cells

The RNA-seq data derived from grade II, III, and IV/GBM
patient data deposited in The Cancer Genome Atlas (TCGA)
and the Chinese Glioma Genome Atlas (CGGA) databases
indicated that the expression of AHR positively correlated with
higher grade gliomas (Fig. 3A). Furthermore, AHR, DHODH,
and UMPS protein levels were higher in the SF188 and LN229
GBM cells than in the nontransformed human immortalized
p14/ARF2/2 astrocytes (cell of origin of GBM) (Fig. 3B). The
expression of ARNT (AHR heterodimeric partner (19)), MYC,
andMAX (MYC heterodimeric partner (35)) in gliomas did not
consistently correlate with disease grade (Fig. S5, A and B). In
agreement with data from previous studies (18), our data
showed that the proliferation of the GBM cells SF188 and
LN229 was reduced upon infection with AHR shRNA-contain-

ing lentiviral particles (Fig. 3, C and D). This was due to cell
cycle arrest, as indicated by higher levels of the cell cycle inhibi-
tor p27 and lower levels of the cell cycle protein cyclin A1, as
well as to the activation of apoptosis as shown by an increase in
cleaved caspase 3 and cleaved poly(ADP-ribose) polymerase 1
(Fig. S5C).
Bioinformatic analysis of the human CAD, DHODH, and

UMPS promoter regions within 6 1 kb of the transcription
start site found that these genes exhibited MYC- and AHR-
binding sites (Fig. 3E). Furthermore, ChIP-seq data deposited
from the ENCODE database (processed with the hg19/refer-
ence genome) demonstrated that MYC significantly binds to
the promoter regions of CAD, DHODH, and UMPS. AHR
binds significantly toDHODH andUMPS (Fig. 3, E and F, and
Fig. S6A). Even though a peak for AHR on CAD was not
detected, the AHR ChIP-seq signal visualization shows an
enrichment for AHR on the CAD promoter as compared with
surrounding areas, suggesting that AHR binds to the pro-
moter of CAD with lower affinity (Fig. 3, E and F, and Fig.
S6A). ARNT and MAX ChIP-seq data (processed with the
hg19/reference genome) indicated that MAX but not ARNT
also binds to the promoter regions of CAD, DHODH, and
UMPS (Fig. S6B). It is likely that MYC and MAX form a com-
plex to bind these gene promoters. In contrast, it is possible
that AHR binds to the promoter of these genes with another,
unknown, partner or that the ChIP-seq for ARNT was not
sensitive enough to identify ARNT-positive peaks in the
CAD,DHODH, andUMPS promoters.
As positive controls for AHR-ARNT and MYC-MAX, the

regions of theCYP1A1 (bona fideAHR-ARNT target gene (20))
and LDHA (bona fide MYC-MAX target gene (5)) were ana-
lyzed. As expected, AHR and ARNT bind to the CYP1A1 pro-
moter, and MYC and MAX bind to the LDHA promoter (Fig.
S6B), thus validating the reliability of the ChIP-seq results.
Interestingly, AHR displayed a positive peak in the LDHA pro-
moter (Fig. S6B), which supports our metabolomic and tran-
scriptional data on lactate (Fig. 1E) and LDHA expression (Fig.
S2, I and J).
Consistent with the ENCODE ChIP-seq data, our data show

that DHODH and UMPS mRNA levels but not CAD mRNA
levels were reduced in the SF188 and LN229 cells upon AHR
knockdown with AHR shRNA-containing lentiviral particles
(Fig. 3G and Fig. S5E). Moreover, ChIP experiments revealed
that AHR bound to the promoter regions of DHODH and
UMPS in SF188 cells (Fig. 3H). Distant regions on theDHODH
and UMPS genes that did not contain XRE elements were used
as negative controls. The CYP1A1 promoter, a canonical AHR

Figure 3. AHR regulates the expression of the de novo pyrimidine biosynthesis pathway enzymes in glioblastoma. A, mRNA levels for AHR in grade II,
III, or IV/GBM glioma patients derived from the TCGA and CGGA databases. B, Western blotting displaying the expression of AHR, DHODH, and UMPS in the
glioblastoma SF188 and LN229 cells and in immortalized human p14/ARF2/2 astrocytes (cell of origin of glioblastoma). C and D, relative proliferation of
SF188 (C) and LN229 (D) cells 72 h after infection with a lentiviral vector containing an AHR shRNA.Upper panels show AHR silencing byWestern blotting. Lower
panels show crystal violet staining of infected cultures. Glioblastoma cells were sensitive to AHR silencing. E, schematic representation of the human CAD,
DHODH, and UMPS gene promoter regions showing the presence of XRE (AHR-binding sites) or E-box (MYC-binding sites) as well as the presence of MYC and
AHR ChIP-seq peaks found in the ENCODE database. F, representation of the AHR andMYC ChIP-seq obtained from the ENCODE database for the human CAD,
DHODH, and UMPS genes. G, qPCR for AHR, CAD, DHODH, and UMPS in SF188 72 h after infection with a lentiviral vector containing an AHR shRNA. H, ChIP of
AHR on DHODH, UMPS, and CYP1A1 promoter regions. DHODH-negative and UMPS-negative (neg.) sites with no XRE were used as negative controls. n = 1 for
DHODH, DHODH-negative, and UMPS-negative sites; n = 2 for UMPS and CYP1A1. I, qPCR for AHR, CAD, DHODH, and UMPS in LN229 72 h after AHR siRNA trans-
fection. The expression of DHODH and UMPS but not CADwas decreased when AHRwas silenced. J, relative proliferation of LN229 72 h after AHR siRNA trans-
fection. Asterisks represent p values of,0.05. siCtrl, control siRNA; siAHR, AHR siRNA.
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target gene, was used as a positive control for AHR binding
(Fig. 3H). We also confirmed that silencing AHR with siRNA
reduced the levels of DHODH and UMPS, as well as the prolif-
eration of LN229 (Fig. 3, I and J) and GBM9 cells (Fig. S5D).
These data indicate that AHR regulates the expression of the
enzymes involved in the de novo pyrimidine biosynthesis in
GBM cells.

AHR regulates metabolic pathways in GBM cells

To define AHR-regulatedmetabolic pathways specific to GBM
cells, we performed LC–MSmetabolomics in SF188 cells infected
with lentiviral particles containing two different AHR shRNAs
(named 84 and 86) or a control vector (pLKO) (Fig. 4A).AHRwas
efficiently silenced 72 h after infection (Fig. 3B). Applying a cutoff
p value of �0.01 in both AHR shRNA conditions, we found 26
metabolites affected by AHR knockdown in the SF188 cells (Fig.
4C). Of those, 2 of them changed inconsistently with the 2 AHR
shRNAs, probably because of off-target effects, 13 of them were
increased, and 11 were decreased. These metabolites were part of
key pathways, such as fatty acid and nucleotide metabolism and
redox equilibrium (Fig. 4D), suggesting that AHR may be
involved in maintaining the metabolic homeostasis of GBM cells.
We then examined the abundance of the metabolites found to be
regulated by AHR in fibroblasts (Fig. 1) and found that although
there was a trend toward decreased lactate, S-lactoylglutathione,
D-2-hydroxyglutarate, and N-acetyl-alanine, the results were not
significant with both shRNAs (Fig. 4E).
Despite the decrease in DHODH and UMPS mRNA levels

upon AHR knockdown (Fig. 3G), the abundance of UMP or
other pyrimidine forms was not affected in SF188 cells upon
AHR silencing (Fig. 4E and Fig. S7A), thus indicating that meta-
bolic outputs should not be inferred simply based on the
expression of single metabolic enzymes. Interestingly, the levels
of uridine in SF188 cells were more than 10 times higher in AHR
knockdown cells (Fig. S7A), which could explain why UMP and
other pyrimidines levels were not affected by AHR knockdown.
To investigate whether uridine was being imported from the cul-
ture media, we measured the expression of the nucleoside trans-
porters SLC28A1–3 and SLC29A1–3 upon AHR knockdown
(Fig. S7B). Unlike the results observed in the rat fibroblasts (Fig.
2I), the expression of SLC29A1was decreased, whereas SLC29A3
was modestly increased upon AHR knockdown in SF188 cells,
thus suggesting that other mechanisms, such as increased enzy-
matic activity of the de novo or salvage pathway, may contribute
to the increase in uridine levels. The addition of uridine to the
culture media did not rescue the effects of AHR knockdown in
proliferation (Fig. S7, C and D), likely because of the importance
of other growth-promoting pathways regulated by AHR such as
protein synthesis (15).
Because LDHA was decreased in the rat fibroblasts upon

AHR knockdown (Fig. S2J) and lactate levels were decreased

upon AHR knockdown in SF188 cells (Fig. 4E), we analyzed the
promoter of the human LDHA. Human LDHA promoter had
one XRE, which is consistent with the peak of AHR observed in
the ENCODE ChIP-seq data (Fig. S6B) and with our results
showing that AHR bound to the promoter of LDHA in SF188
cells (Fig. 4G). Moreover, AHR knockdown decreased LDHA
mRNA levels in SF188 and LN229 cells (Fig. 4H).
Based on our results, we proposed a model in which AHR

cooperates with MYC to regulate metabolic pathways neces-
sary for the rapid proliferation of MYC-transformed cells
including the de novo pyrimidine biosynthesis pathway and gly-
colysis through the transcriptional regulation of LDHA,
DHODH, andUMPS genes (Fig. 4, I and J).

Experimental procedures

Cell cultures

The cells were maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 100 units/ml penicil-
lin/streptomycin. For transient transfections, the wells were
seeded with 150,000 cells, and the cells were transfected with 3
ml of siRNA (20 mM) and 3 ml of Lipofectamine RNAiMAX.
The day after transfection, the mediumwas replaced with fresh
medium. After 3 days, the cells were harvested for qPCR or
stainedwith crystal violet to assess proliferation. For viral trans-
duction, 50,000 cells were mixed with 10 mg/ml Polybrene and
pLKO or shRNA-containing virus. After the indicated times,
the cells were harvested for qPCR, metabolomic analysis, or
staining with crystal violet to assess proliferation.

RT-qPCR and Western blotting

Total RNA was extracted with TRI Reagent® solution
(Sigma), and the cDNA produced with iScript RT Supermix for
RT-qPCR (Bio-Rad). qPCR was performed with the iTaqTM

Universal SYBR® Green Supermix (Bio-Rad). Expression levels
for each gene were normalized tob-actin expression. ForWest-
ern blots, the cells were harvested and lysed in RIPA buffer
with protease and phosphatase inhibitors. The antibodies, pri-
mers, siRNAs, and shRNAs used in this study are indicated in
Table S1.

ChIP-qPCR

ChIP was performed essentially as described (36, 37). The
cells at 70% confluency were fixed with 1% formaldehyde.
The nuclei were purified and then lysed with RIPA buffer.
DNA was sonicated to obtain ;500-bp fragments. Nuclei
lysates were diluted 1:10 for immunoprecipitation with AHR
antibody. Negative controls lacked antibodies. After immu-
noprecipitation, DNA was purified and analyzed by qPCR.
The primers used in this study are indicated in Table S1.

Figure 4. AHR regulates metabolism in GBM cells. A, schematic representation of the LC–MS metabolomics experiment in SF188 cells infected with AHR
shRNA-containing lentiviral particles. B, Western blotting showing the silencing of AHR in SF188 72 h after infection with two independent AHR shRNA-con-
taining lentiviral particles. C, heat map of the metabolites for which abundance changed upon AHR knockdown with the two shRNAs. D, grouping of the
metabolites in C. E, relative amounts of lactate, S-lactoylglutathione, N-acetyl-L-alanine, 2-hydroxyglutarate, and UMP in the SF188 upon AHR knockdown. F,
schematic representation of the human LDHA gene promoter region. G, ChIP of AHR on LDHA, n = 2. H, qPCR for LDHA in SF188 and LN229 72 h after infection
with a lentiviral vector containing an AHR shRNA. I and J, proposedmodel for the regulation of metabolism by AHR and its binding of MYC and AHR to the pro-
moters of CAD, DHODH, UMPS, and LDHA.
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TCGA and CGGA data analysis

RNA expression data for grade II–IV (GBM) gliomas were
obtained fromTCGA and the CGGA (RRID:SCR_018802).

LC–MSmetabolomic screening

Samples for LC–MS measurements were washed three
times with saline, harvested in 80% cold methanol, and snap-
frozen three times. Next, the samples were centrifuged at
15,000 rpm for 15 min. The supernatants were collected and
dried by SpeedVac. The metabolites were measured as
described earlier (38). The metabolomic data are presented in
Tables S2 and S3.

Quantification and statistical analysis

All statistical analyses were performed using two-tailed
unpaired Student’s t test analysis; p values of �0.05 were con-
sidered statistically significant. To identify MYC-driven meta-
bolic changes, a p value of �0.05 was used when comparing
myc2/2 fibroblasts expressingMYC or empty vector. To iden-
tify AHR-driven metabolic changes, a p value � 0.01 was used
when comparing AHR siRNA or shRNA with siRNA control
conditions. All values are reported as means 6 S.D. in each
figure.

Data availability

All the data described are contained within the article.
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